This paper focuses on flow visualization, normal force and pitch moment testing of the NASA TP-1803 strake-wing model at high attack angles. The dynamic aerocharacteristics for pitching with various reduced frequencies and two sideslip angles ¼ 0 and 10 in the water tunnel are compared with those for static case. For ¼ 20 -50 , the strake/wing vortices breakdown positions occur later for ¼ 10 than for ¼ 0 . The value of the normal force coefficient under sideslip angle ¼ 10 is greater than ¼ 0 at high attack angles. In the pitch-down process, the aerodynamic center creates a nose-up pitching moment and the model becomes unstable compared to the static condition. As the pitch reduced frequency increases, the wing vortices sustain longer flow lines and provide more normal force during pitch-up motion. In addition, the hysteresis loop of the normal force curve is larger for higher reduced frequencies.
Nomenclature
C 0 : wing root of chord (cm) C l : roll moment coefficient C L : lift force coefficient C n : normal force coefficient C m : pitch moment coefficient f : pitch frequency (Hz) K: reduced frequency (K ¼ fC 0 =U) Re: Reynolds number U: free flow velocity (cm/s) : angle of attack ( ) : sideslip angle ( )
Introduction
Our experiments focus on flow visualization and aerodynamic characterization of a NASA TP-1803 strake-wing model at high angles of attack with assigned sideslip angles under given pitching/static conditions in a water tunnel. We tested and analyzed some key aerodynamic parameters such as normal force, pitch moment and vortex breakdown positioning, and then compared the results with experimental data from Lamar. 1) In 1980, Lamar 1) used 16 analytically and empirically designed strakes to test the NASA TP-1803 wing-body model at three subcritical speeds to show the strake geometry importance in maximum lift. He mentioned that Mach number has a relatively small effect on the additional lifting surface efficiency factor, while changes in the strake geometry have larger effects. Further, the synergistic lift effect of the strake-wing is accompanied by a pitch-up process. Lamar 2) notes that for double-delta wings with high sweepback angles, while wing vortices are independent of the strake vortices produced at its apices at low angles of attack, both strake/wing vortices begin mixing with each other as the angle of attack increases, resulting in a stronger vortex.
In 1990, Den Boer 3) and Cunningham 4) used a low-speed wind tunnel to perform experiments on plate models with different sweepback angles. As results, at static pitching, the lift coefficient starts to dwindling after the attack angle increases to the stall angle, but at dynamic pitching, the lift force continues increasing even after the stall angle, and a dynamic hysteresis loop occurs simultaneously.
In 1982, Erickson 5) found that strake vortices over double-delta wings at low angles of attack remain stable over the strakes, preventing free separation flows on the forebody. At high angles of attack, strake vortex flows over delta wings can both form a low pressure zone providing probable additional lifting force to the wings, but also delay the position of wing vortex breakdown. Vortex bursting is shown to be independent of high Reynolds numbers ranging from 0.25-2.0 M. Also, double-delta wings are more effective than single delta wings for lift force.
In 1990, Cunningham 6) conducted static and dynamic experiments at high angles of attack inside a water tunnel and compared these experimental results with wind tunnel experiments. At high angle of attack, forces and moments that are strongly influenced by viscous effects, such as axial force or yawing moment, are not expected to be as accurate in the water tunnel as are C n , C m and C l . Equally, hysteresis loops occur in the lift curves during pitch motions at high attack angles. As pitch rates increase, hysteresis behavior Ó 2010 The Japan Society for Aeronautical and Space Sciences become more apparent, and the occurrence of stalling angles was further delayed. In 2000, Hebbar 7) and Gursul 8) explored the effect of Re on the vortex flow fields over double-delta wings and found that vortex interactions on double-delta wings might be sensitive for low Re (<0:1 M). In addition, Verhaagen 9) provides an overview of investigations at Reynolds number below 4 Â 10 6 /m, where strong Reynolds number effects are observed at the interaction between the strake and wing vortices. In the static case, he noted that the wing-vortex cores burst earlier than the strake-vortex cores with increasing at Re ¼ 0:5 Â 10 6 . At Reynolds numbers below 1:28 Â 10 5 , these vortices breakdown location toward the apex of a 76/40-deg doubledelta wing with increasing Reynolds number, whereas no such effect was observed at higher Reynolds number.
Experimental Arrangement

Test model
As shown in Fig. 1 Fig. 2 . The five components are normal forces (N1, N2), side forces (S1, S2), and roll moment (RM).
11) The design load is shown in Table 1 . In the regulation processes, we selected five locations for the balance under the trail conditions and calibrated the standard deviations in relation to output voltages and positive/negative directions of the load weight (output voltage error margin <0:5%) as shown in Fig. 3 . The five-component gauge balance was installed in the model fuselage to measure the aerodynamic forces/moments of the model during the static/dynamic states. Further, the center of the balance (BC) was positioned at À13:41 mm from the model moment center (MC) (the upstream side is defined as positive). The distance between BC and the nose was 180.62 mm, while the distance between the strain measurement points on the balance and model MC, represented by d1 (N1 component) is 24.69 mm, while d2 (N2 component) is À51:51 mm, d3 
Water tunnel and supporting equipment
The experiment is executed in the 0:6 m Â 0:6 m Â 1:83 m test section. The 2424H water tunnel manufactured by CSIST 12) is shown in Fig. 4 . The test section sides and bottom are tempered glass to allow simultaneous viewing. Figure 5 and the adjacent picture shows the equipment supporting for the NASA TP-1803 model in the water tunnel. The test model pitch and yaw can be set by operating the circular brace with two servomotors. The maximum pitch and yaw angles are 60 and 30 , respectively. To avoid high start/end acceleration of pitch/yaw motions in dynamic experiments, the test angles ranges were set to within 50 and 10 , repectively. 11, 13) In this study, the operating velocity U ranged between 12 and 22.8 cm/s.
Dye injection
Dye injection was used for flow visualization. The dye was a mixture of water, dye agent, milk and alcohol in proportion of 4:3:2:1. The principle of flow visualization was that dye passing tubes into the model is released on the model surface, allowing the flow patterns to be tracked and recorded simultaneously using digital video cameras at the lateral and bottom of the experimental section to capture side and axial views during the model pitching. 11, 13) 3. Experimental Method and Conditions
Flow visualization
The flow velocity for flow visualization experiments was set to about 12 cm/s and Re was designated as 5:8327 Â 14) The model and support equipment were integrated upside-down. In static tests, the attack angles were varied within ¼ 0 -50 with fix sideslip angles ¼ 0 and 10
. The tests were run for about 2 minutes before changing to the next experimental angle. Pictures were not be taken until the flow field and dye liquid become steady state. In the dynamic test, the model was adjusted continuously by varying the attack angle ¼ 0 -50 with different reduced frequencies K ¼ 0:0141, 0.0423 and 0.0705. The purpose of flow visualization was to observe the vortex breakdown on the strake/wing at different values of and K.
Aerodynamic force measurements
The flow velocity at aerodynamic force measurements and Re was regulated to be the same as in the flow visualization experiments. During the static experiments, a single strain-gauge voltage is generated by averaging 10 data items selected at every 2 attack angle within each group for attack angles in the range ¼ 0 -50 , with sideslip angles of 0 and 10 . Aside from static experiments, dynamic experiments were applied to consecutive selection of data with up/down motions of the support equipment at dynamic reduced frequencies K of 0.0141, 0.0423, and 0.0705. Examples of pitch angles for dynamic model maneuver are shown in Fig. 6 . 2,000 data items were selected for each group of experiments. These data were averaged to obtain single mean voltage values for each attack angle of about 2 . A traditional aerodynamic equation was used to smooth curves for coefficients of normal force (C n ) and pitch moment (C m ) in relation to attack angles for analysis of performance and stable control characteristics 15, 16) as shown in Fig. 7 .
Results and Discussion
Flow structures and aerodynamic characteristics
during static conditions Figure 8 shows the flow visualization of the model at different attack angles with ¼ 0 and 10 under static conditions. The strake (red dye, A) and wing (blue dye, B) vortices help observation from the model surface. At < 30 as shown in Fig. 8(a) , where the strake/wing vortices are very clearly indicated, the streamlines of the strake vortices are apparent and steady. At ¼ 10
, the wing vortex core in the static condition. Compared to Fig. 8(a) , the windward strake and wing vortices breakdown earlier than ¼ 0 at ¼ 10 . However, at ¼ 20 -50 , the windward strake and wing vortices breakdown positions occur later for ¼ 10 than for ¼ 0 and windward/leeward strake vortices move backward gradually for > 20
. Furthermore, the asymmetric vortices result in the change of effectiveness in generating normal force and longitudinal stability of wing with sideslip force. Figure 9 shows the normal force coefficient for the NASA TP-1803 model under static conditions at two sideslip angles. The data are compared with the lift force coefficient of Lamar, 1) showing that the test data agree for both water and wind tunnel tests within the linear region ( < 25
). The trend appears to be different for the normal force coefficient and lift force coefficient at high attack angles. 1) When the attack angle increases to 25 , the normal force coefficient continues to rise in a linear way. However, different C n and C L values occur at attack angles >25
. In Fig. 8(a) , both the strake/wing vortices have broken down at ¼ 30 -50 , corresponding to a decrease in the normal force coefficient at high attack angles. Furthermore, the maximum normal force coefficient value is 1.62 at attack angle ¼ 28
. Compared to Fig. 8(b) , at attack angles <20
, vortex breakdown begins to form the core of strake vortices, leading to normal force loss. However, at attack angles ranging from 30 to 50 , the intensity of strake/wing vortices increases more at ¼ 10 than at ¼ 0 under static conditions. As a result, the value of the normal force coefficient under at sideslip angle ¼ 10 is greater than ¼ 0 at attack angles ¼ 30 -50 . Figure 10 shows the curves for the pitch moment coefficient C m . The C m data of Lamar 1) showed only slight change in longitudinal stability for attack angle below the maximum C L . Lamar's model seems stable (C m < 0) at low attack angles ¼ 0 -32.5 , but becomes unstable (C m > 0) at high attack angles ¼ 32: 5 -50 . When the TP-1803 model experiences an up-gust at ¼ 0 -22 , the attack angle and lift at the aerodynamic center increase. Because the CG is forward of the aerodynamic center, the model rotates about the CG. This nose-down moment tends to rotate the model to return its equilibrium attack angles. The model can be stable at lower attack angles, but at higher attack angles ¼ 22 -50 , the increase in lift at the aerodynamic center rotates the model about the CG away from its equilibrium position to create a nose-up pitching moment. The model is unstable at higher attack angles ¼ 22 -50 because CG is behind the aerodynamic center. 17, 18) 
Flow structures during dynamic condition
The pitch motions cause in unsteady flow fields that include inertial and viscous effects of fluids. Time delays are observed in strake/wing vortices during dynamic conditions. Figure 11 shows the flow field during pitching up/down at K ¼ 0:0141, Re ¼ 5:833 Â 10 3 and a sideslip angle ¼ 0 . When pitched up at ¼ 20 in Fig. 11(a) , the structure of the wing vortices is broken down. At ¼ 30 , the wing vortices become divergent, but the strake vortices do not diverge until ¼ 40 . Due to delay in the breakdown of strake/wing vortices at pitch-up, the strake/wing can still offer considerable normal force as shown in Fig. 11(a) . During pitch-down, the divergent flow of strake vortices occurs early at ¼ 30 , as shown in Fig. 11(b) . Moreover, compared to the static conditions in Fig. 8 , asymmetrical breakdown of vortices occurs randomly over the strake/wing during pitch-up/down, leading to the ''wing rock'' phenomenon. Figure 12 shows the flow structures during pitch up/ down at different attack angles for sideslip angle ¼ 10 , K ¼ 0:0141 and Re ¼ 5:833 Â 10 3 . When the attack angle increases, the vortices move asymmetrically to one side of the strake and wing, and the position of leeward vortices is much closer to the leading edge of the wing than that of windward vortices at the same attack angles. Compared to Fig. 8(b) with increasing attack angle, the leeward breakdown positions of vortices over the wing approaches the leading edge of the wing. However, when pitched-down between ¼ 50 -40 , the windward strake vortices breakdown over the windward strake/wing as shown in Fig. 12(b) . Figure 13 shows the normal force coefficients at sideslip angles ¼ 0 and 10 . Both normal force coefficients occurring at pitch-up/down are approximately linearly for < 15 . The normal force continues to increase at pitchup for > 15 due to delay in the breakdown of strake/ wing vortices until the attack angle reaches 33 where the maximum value of C n is 2.245 for ¼ 0 . When the attack angle continues increasing, the normal force decreases until ¼ 50 . While the model begins to pitchdown, the normal force coefficient varies as the lower part of the curves. Earlier breakdown of vortices over the wing leads to a sudden decrease in normal force. The normal force coefficients go in the same clockwise direction at sideslip angles ¼ 0 and 10 . A hysteresis loop of normal force coefficients is formed when the pitch-up/down motion is completed. Clearly, the change in sideslip angles has less effect on the normal force than the change in attack angles. Figure 14 shows the changes in the pitch moment coefficients during dynamic pitching motion for different sideslip angles ¼ 0 and 10 . These pitch moment coefficients increase gradually counterclockwise with increase in attack angles. There is little difference between both coefficients at pitch-up for < 30
Comparison of static and dynamic aerodynamic behaviors
. The maximum values of the pitch moment coefficient are 0.487 and 0.416 for ¼ 0 and ¼ 10 , respectively. At the pitch-down excursion, due to earlier breakdown of strake/wing vortices, the aerodynamic center creates a nose-up pitching moment to rotate the model away from its equilibrium position. Consequently, the model becomes unstable compared to the static condition. The changes in the sideslip angle ¼ 0 and ¼ 10 have more effect on the pitch moment coefficients at high angles of attack ( ¼ 23 -50 ). Figure 15 shows the effects of reduced frequencies on the breakdown position of vortices during pitch up/down motions for ¼ 35
Reduced frequency effects on aerocharacteristics
. Clearly the flow lines of wing vortices become longer as the reduced frequency increases at pitchup motion. Thus, at the same attack angles, breakdown (b) Pitch-down (a) Pitch-up of these vortices is delayed and additional normal force is provided by wing vortices. In general, higher reduced frequencies of pitch-up motions leads to greater normal moment as shown in Fig. 16 . As the reduced frequency decreases for pitch-down motions, the breakdown positions of vortices approach the leading edge of the wing as shown in Fig. 15(b) . Ultimately, the hysteresis loop of the normal force is wider for higher reduced frequencies as shown in Fig. 16 . During the pitching motion, all pitch moment coefficients change in the counterclockwise direction for different reduced frequencies as shown in Fig. 17 . Clearly the pitch-up motion at higher reduced frequency leads to further delay in the breakdown position of the wing vortex, increasing lift at the aerodynamic center. Thus, the model is stable at higher attack angles. On the contrary, the pitch-down motion results in higher pitch moment than the pitch-up motions due to earlier breakdown of strake vortices. 17, 18) 
Conclusions
This paper describes flow visualization, normal force and pitch moment testing of the NASA TP-1803 strake-wing model at high attack angles ( ¼ 0 -50 ) under static/ dynamic conditions with two sideslip angles ( ¼ 0 and 10 ) and various reduced frequency (K ¼ 0:0141, 0.0423 and 0.0705) pitch oscillations in a water tunnel. We draw the following conclusions: 1. Under static conditions at ¼ 10 , the position of the vortex breakdown occurs earlier for ¼ 10 than ¼ 0
. However, at ¼ 20 -50 , the strake/wing vortex breakdown positions occur later for ¼ 10 than for ¼ 0 . The asymmetric vortices change the effectiveness of generation of normal force and longitudinal stability of wing with sideslip force. As a result, the value of normal force coefficient at sideslip angle ¼ 10 is greater than at ¼ 0 for high attack angles. 2. The strake/wing offers considerable normal force for ¼ 0 and ¼ 10 during the pitch-up due to the delay in the breakdown of strake/wing vortices. At pitch-down, earlier breakdown of strake/wing vortices than static experiments causes the aerodynamic center to create a nose-up pitching moment and the model becomes unstable compared to the static condition. 3. For all reduced frequencies studied, as frequency increases, the wing vortices sustain longer flow lines and provide more normal force during pitch-up. Meanwhile, the hysteresis loop of the normal force curve is larger for higher reduced frequencies. Further, the pitch-down motions result in higher pitch moment than pitch-up motions due to the earlier breakdown of strake vortices. 
